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Abstract In this paper we describe a method for setting
up an atomistic simulation of a membrane protein in a
hydrated lipid bilayer and report the effect of differing
electrostatic parameters on the drift in the protein
structure during the subsequent simulation. The method
aims to generate a suitable cavity in the interior of a lipid
bilayer, using the solvent-accessible surface of the pro-
tein as a template, during the course of a short steered
molecular dynamics simulation of a solvated lipid
membrane. This is achieved by a two-stage process:
firstly, lipid molecules whose headgroups are inside a
cylindrical volume equivalent to that defined by the
protein surface are removed; then the protein-lipid in-
terface is optimized by applying repulsive forces per-
pendicular to the protein surface, and of gradually
increased magnitude, to the remaining lipid atoms inside
the volume occupied by the protein surface until it is
emptied. The protein itself may then be inserted.
Using the bacterial membrane proteins KcsA and FhuA
as test cases, we show how the method achieves
the formation of a suitable cavity in the interior of a
dimyristoylphosphatidylcholine lipid bilayer without
perturbing the configuration of the non-interfacial
regions of the previously equilibrated lipid bilayer, even
in cases of membrane proteins with irregular geometrical
shapes. In addition, we compare subsequent simulations
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in which the long-range electrostatic interactions are
treated via either a cut-off or a particle-mesh Ewald
method. The results show that the drift from the initial
structure is less in the latter case, especially for KcsA
and for the non-core secondary structural elements (i.e.
surface loops) of both proteins.

Keywords Membrane proteins - Lipid bilayers -
Simulations - Molecular dynamics

Introduction

Membrane proteins are of almost self-evident importance
in current biology, particularly with respect to discovery
of new drug targets (Terstappen and Reggiani 2001). They
constitute ca. 30% of known genes (Wallin and von Heijne
1998) and, after a long lag, experimental studies are
starting to yield a substantial number of membrane pro-
tein structures (see e.g. http://blanco.biomol.uci.edu/
membrane_proteins_xtal.html). Molecular dynamics
(MD) simulations and related methods play an important
role in helping us to fully understand the conformational
dynamics of membrane proteins (Forrest and Sansom
2000), and hence the relationship between their structure
and biological function, as exemplified by recent studies
of, for example, ion channels (Roux et al. 2000; Sansom
et al. 2000).

Fully atomistic simulations of membrane proteins
must include a lipid bilayer or other membrane mimetic
[e.g. a slab of octane (Guidoni et al. 1999) or methane
(Govaerts et al. 2001)] in order to model the hydro-
phobic environment in which these proteins exist. Given
the slow dynamics of lipid molecules in fluid-phase bi-
layers [with a diffusion coefficient D~10°-10"* A% ps™'!
(Forstner et al. 2000; Gennis 1989; Pastor and Feller
1996)], and the irregular shape of (most) membrane
proteins, obtaining a correctly configured initial system
is a non-trivial task, and yet the reliability of the sub-
sequent simulation may depend on how carefully this is
performed. For example, one wishes to have optimal
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packing of the lipid tails around the hydrophobic surface
of the integral protein.

In order to build these protein-lipid bilayer systems,
two approaches have been reported in the literature. The
first (Petrache et al. 2000a; Roux and Woolf 1996; Woolf
and Roux 1994, 1996) consists of building a bilayer
around the protein lipid by lipid, each individual mole-
cule being selected from a library of lipid conformations;
these structures are obtained from simulations of either
lipid bilayers or individual lipid molecules in a mem-
brane-like environment. Unfavourable lipid-lipid and
protein-lipid contacts are removed during a second stage
using a rigid-body conformational search; Tang et al.
(1999) subsequently conduct a process in which, by
contracting the bilayer in the membrane plane, a range
of values of the membrane surface area may be explored.
The second approach (Shen et al. 1997; Tieleman and
Berendsen 1998) uses a previously equilibrated lipid bi-
layer, in which a cylindrical hole to accommodate the
protein is created by the application of weak repulsive
radial forces on the lipid atoms. In both cases the pro-
tein-lipid system is energy minimized prior to the MD
calculation.

Given the availability of a number of well-charac-
terized lipid bilayer models, of diverse size and compo-
sition (Berger et al. 1997; Chiu et al. 2001; Feller and
Pastor 1999; Lindahl and Edholm 2000; Schneider and
Feller 2001; Tieleman et al. 1997; Tobias et al. 1997;
Venable et al. 1993), the second method (i.e. protein
insertion into a pre-formed bilayer) appears particularly
appealing, since it may not require a long equilibration
of the lipid bilayer for each system model after the
protein has been inserted, provided that the bilayer was
well equilibrated to start with, and that the generation of
the cavity is such that only the protein-lipid interface is
perturbed significantly. Nevertheless, whilst a cylindrical
hole is suitable in the case of simulations of single -
helices or some simple a-helical bundles (Tieleman et al.
1999a), it is problematic in the case of proteins of more
complicated cross-sectional geometries.

In this paper we report a method that has been de-
veloped from this second approach, but that allows the
cavity in the bilayer to have an arbitrary shape, thus
generalizing the method to any protein geometry. The
perturbation of the lipid bilayer is minimized by con-
ducting the process in several stages, in which the force
applied to the lipid atoms is gradually increased until a
satisfactory cavity is generated. Having successfully
inserted two proteins [KcsA (Doyle et al. 1998) and
FhuA (Ferguson et al. 1998; Locher et al. 1998)] in a

dimyristoylphosphatidylcholine (DMPC) bilayer by this
process, we then perform production simulations of
duration 1 ns, which have been used to explore the ef-
fects of using cut-offs versus particle-mesh Ewald (PME)
algorithms (Darden et al. 1993) in the treatment of the
electrostatic interactions. Thus, we hope to arrive at an
optimal procedure for simulations of membrane proteins
in general.

Methods

General simulation methodology

The simulations presented in this report were conducted using
versions 1.6 and 2.0 of the GROMACS (Berendsen et al. 1995) MD
simulation package (http://www.gromacs.org). The systems to be
simulated (Table 1) were set up using a rectangular box, employing
periodic boundary conditions to avoid edge effects. All simulations
were conducted at constant temperature (310 K), pressure (1 bar)
and number of particles (Berendsen et al. 1984). Numerical inte-
gration of the equations of motion used a time step of 2 fs, with
atomic coordinates saved every 1 ps for analysis. Solvent (i.e. water
and ions), lipid and protein were coupled separately to a temper-
ature bath, with a coupling constant of zr=0.1 ps. Anisotropic
pressure coupling was used, with a coupling constant of 7p=1.0 ps,
so that the dimensions of the simulation box are scaled indepen-
dently in each direction. Energy minimizations were performed
using a steepest descent algorithm. When restraints were required
on, for example, protein atoms, a harmonic potential of force
constant 10 kJ mol™' A~ was applied.

The extended-atom GROMOS 87 force field (Hermans et al.
1984) was used, as implemented in GROMACS. Bond distances
were constrained using the LINCS algorithm (Hess et al. 1997).
The van der Waals interactions were modelled using a 6-12
Lennard-Jones (LJ) potential, cut off at 10 A, with first- and sec-
ond-neighbour exclusions and scaled third-neighbour LJ coeffi-
cients. In the “CO” simulations (see below), electrostatic
interactions were cut off at 18 A; in the “PME” simulations, a
particle-mesh Ewald algorithm (Darden et al. 1993) was used, with
a 9 A cut-off for the direct space calculation; the reciprocal space
calculation was performed using a fast Fourier transform (FFT)
algorithm.

Setting up the systems

The procedure adopted for insertion of a protein into a lipid bilayer
aimed to create a protein surface-adapted conformation of those
lipids close to the protein-lipid interface, without causing a major
disruption in the configuration of the bilayer in other regions. In
essence, the method relies on the use of a protein surface to define
an exclusion region within the membrane, from which water and
lipid molecules are to be expelled by means of a force applied
during a few tens of picoseconds of molecular dynamics. A similar
procedure, in which a cylindrically shaped cavity was obtained, had
previously been developed by Shen et al. (1997) and used in sim-
ulations of single transmembrane (TM) helices or regular helix
bundles (Forrest et al. 1999; Randa et al. 1999; Tieleman et al.

Table 1 Details of simulation

svstems Simulation® Number Number Numbers Total number  Box dimensions
Y of lipids of waters of ions of atoms (A)
KcsA 245 11,383 3K +7CI 49,125 106x80x80
FhuA 224 17,729 36Na™ +31CI- 70,628 106x80x103

#For each system, two production run simulations were performed, one with long-range interactions
treated via cut-offs (KcsA-CO and FhuA-CO) and one using PME (KcsA-PME and FhuA-PME)



1999a). However, this latter method was not adequate for more
irregular cross-sectional shapes, or for proteins with a significant
degree of asymmetry with respect to the membrane plane; the use
of the protein surface as a template for generating the cavity inside
the lipid bilayer is intended specifically to account for these com-
plexities.

The method consists of the following steps, beginning with two
coordinate files, one of the solvated and equilibrated lipid bilayer
and the other of the protein to be inserted:

1. Generation of a solvent-accessible protein surface, using the
program GRASP (Nicholls et al. 1993), to be used as a template
for the exclusion region [the method of Sanner et al. (1996) may
also be used]. This surface is generated by rolling a 1.4 A radius
sphere over the van der Waals surface of the protein to define a
triangular grid of given resolution (in this case, 0.5 grid-
points A™°), which in turn defines the accessible surface. In the
case of FhuA, the periplasmic mouth of the protein, which
forms a large cavity, had been filled with water molecules prior
to building the surface, in order to prevent lipid molecules from
remaining in this region during the steered MD run (i.e. cavity
optimization).

2. Estimation of the volume of the exclusion region, using the
program HOLE (Smart et al. 1993, 1996) to calculate the cross-
sectional area profile of the protein surface along the direction
normal to the membrane plane; by integrating this profile over
the TM region of the protein, the volume to be occupied by the
protein in each leaflet of the lipid bilayer was estimated. In this
context, it was assumed that the TM region of a membrane
protein is defined by the mean distance between the two bands
of aromatic residues that are thought to be involved in an-
choring the protein within the lipid bilayer.

3. For each leaflet of the bilayer, removal of those lipids whose
headgroup P atom is contained within a cylinder situated in the
centre of the bilayer, its volume being equal to that calculated in
step 2. As a result of this deletion of lipids, atoms mainly from
lipid tails (and water molecules) remain inside the exclusion
region. The removal of lipids is required to prevent dramatic
changes in the area per lipid of the bilayer when the MD is
performed. If no lipid molecules were removed at this stage, the
forces applied would induce an increased density of lipids in the
protein-bilayer interface, which would be minimally accommo-
dated by non-interfacial regions, owing to the slow dynamics of
lipid molecules in bilayers (D~10>~10" A2 s h.

4. Generation of the protein surface-shaped cavny The core MD
program MDRUN from GROMACS was modified to read the
vertices and surface-normals from the triangulated molecular
surface generated in stage 1. Each atom of the lipid and sol-
vating water is associated with its closest surface vertex by a
neighbour search. Consider an atom with position r, and let its
nearest surface vertex have position s and (outward) normal n
(see Fig. 1). We calculate a=n-(s—r); if a>0, then the atom is
inside the surface, and an extra force F= F'n is applied to it; if
a<0, no extra force is applied. For lipid molecules, the extra
force may be averaged over the entire molecule and projected to
lie in the plane of the bilayer. The closest vertex to each atom is
re-calculated every few MD timesteps. Thus, an outwards force
is applied to every atom inside the exclusion region, in the di-
rection normal to the surface that delimits this region. This stage
is conducted in two or more steps, by increasing the force ap-
plied from one step to the next, and attempting to attain a
steady state in each case. This steady state, in which the number
of atoms found within the protein surface remains approxi-
mately constant, is due to the fact that an equilibrium is es-
tablished between the number of atoms exiting the region and
those entering, or between the forces acting on a given atom in
opposite directions. An approximate calculation, treating every
atom independently, suggests that at equilibrium the number of
atoms inside the surface should be inversely proportional to the
exclusion force pushing them out. Hence, in order to empty the
exclusion region, and at the same time minimize the perturba-
tion of the lipid membrane, the value of the forces must be
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inside

Fig. 1 Schematic diagram showing a (e.g. lipid) molecule (black
lines) inside a protein solvent-accessible surface (thick grey line).
The atom with vector position r, within the surface, experiences a
force F towards the closest surface vertex, with position vector s, in
the direction normal to the surface n

increased gradually, rather than simply extending the simulation
time. Here, the insertions of KcsA and FhuA were conducted in
two steps; the forces applied were F;=1 kJ mol ! A" and

F>,=10 k] mol ' A™! (for reference, the typlCdl force associated
with a C-C covalent bond is ca. 10° kJ mol ' A~ . For these
early stages, forces outside this range were shown to be either
inefficient or the cause of large perturbations on the lipid bilayer
(data not shown); larger forces, however, can be used effectively
in subsequent stages if required (G. Patargias, personal com-
munication). Whilst forces were applied, restraints on the
z-coordinate of the lipid headgroups were used in order to
prevent unnecessary bilayer distortion and separation of the
bilayer leaflets. In both cases, the protein surface was positioned
with respect to the bilayer so as to maximize the number of
contacts between aromatic sidechains and lipid headgroups in
the final system.

5. Insertion of the protein in the protein surface-shaped cavity, and
re-solvation of the protein-bilayer system using a pre-equili-
brated box of SPC waters (KcsA) or by a 0.1 M NaCl solution
(in which the ions were placed randomly; FhuA). In both cases,
a small number of additional ions are added to counteract the
net charge of the protein and thus give overall electroneutrality.

6. The system was then energy minimized and finally lipid, ions
and water were allowed to relax for 50 ps of MD, during which
the positions of the protein atoms (except for H atoms) were
restrained.

Proteins studied

FhuA from Escherichia coli is an outer membrane receptor and
transporter of ferrichrome, a complex produced by microorganisms
to solubilize ferric iron. The overall structure of FhuA (at 2.7 A
resolution) (Ferguson et al. 1998; Locher et al. 1998) is a
22-stranded f-barrel, obstructed by a 160-amino acid N-terminal
domain that folds back into the channel. KcsA (Schrempf et al.
1995) from Streptomyces lividans is a potassium channel, homolo-
gous to those found in, for example, the nervous systems of
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animals. The crystal structure of KcsA (at 3.2 A resolution) (Doyle
et al. 1998) reveals that this integral membrane protein is made up
of four identical subunits, each of which consists of two tilted
transmembrane helices linked by a 30-amino acid loop-helix-loop
motif, which forms the actual pore through which ions diffuse. The
geometrical shape of the transmembrane regions of FhuA
(Fig. 2A) and KcsA (Fig. 2B) make these proteins ideal examples
of the applicability of the method presented in this paper: that of
FhuA is roughly an elliptical right prism, whereas KcsA resembles
a truncated cone of clover-like cross section.

Simulations

System details are summarized in Table 1. Each protein was in-
serted into a DMPC bilayer, initially made up of 288 DMPC lipids,

Fig. 2 The bacterial membrane proteins KcsA (A) and FhuA (B)
used in this study. Solvent-accessible surfaces, generated with
GRASP (Nicholls et al. 1993) and using a probe radius of 1.4 A,
are shown as a grey mesh superimposed upon a diagram of the
protein fold. Note that on the periplasmic side of FhuA (at the
bottom) the surface was flattened to prevent lipid molecules from
becoming trapped in pockets on the surface during the optimiza-
tion of the protein-lipid interface. Figs. 2, 3 and 7 were created with
MOLSCRIPT (Kraulis 1991) and RASTER3D (Merritt and Bacon
1997)

that had previously been equilibrated during a 1.5 ns MD simu-
lation (using PME), resulting in an area per lipid of 62.4 A? [cf.
experimental values of 60.0 A? (Petrache et al. 2000b) and 59.7 A2
(Petrache et al. 1998) obtained at 303 K by >H NMR and X-ray
diffraction, respectively]. After successful insertion into the DMPC
bilayer using the protocol described above, a 1 ns equilibration
simulation was carried out, during which the protein coordinates
(except H atoms) were restrained. This was followed by a 1 ns
unrestrained simulation. This procedure (restrained simulation and
production run) was conducted once with long-range electrostatics
interactions treated via cut-offs, and once using PME.

The X-ray structure of KcsA (Doyle et al. 1998) was adapted
for simulations as described in Shrivastava and Sansom (2000).
Two K™ ions plus an intervening water molecule were present in
the selectivity filter; the Glu71 and Asp80 residues were both ion-
ized. In the case of FhuA, ionization states of the protein sidechains
were adjusted according to the results of pKa calculations (J.D.
Faraldo-Gomez and M.S.P. Sansom, unpublished results).

Hardware and performance

Simulations were performed on an O2 SGI workstation (cavity
optimization), an SGI Origin 2000 using eight parallel 195 MHz
R10000 processors (FhuA-PME), or a 32-node PC cluster, using
either two (KcsA-PME, KcsA-CO) or eight (FhuA-CO) parallel
PIII 750 MHz processors. The performance of the PME algorithm
with respect to CO was slightly worse in the two-processor (one
node) simulations (about 13% slower); however, when using more
than four processors, PME is very inefficient for standard ethernet-
based communications, so that use of a shared-memory system is
advisable.

Results
Creating a cavity

The two proteins selected for this investigation present
rather different shapes, neither well approximated by a
simple cylinder, which need to be embedded in a mem-
brane; the resultant solvent-accessible surfaces (i.e.
GRASP surfaces) are shown in Fig. 2. In Table 2 we
provide the volumes contained by the TM regions of the
two surfaces (of FhuA and KcsA). Note that, in the case
of KcsA 19, more DMPC molecules were removed from
the outer than from the inner leaflet, reflecting the
conical shape of the protein molecule; this corresponds
to a difference in cross-sectional area of ca. 1200 A?.

In Fig. 3 we illustrate the process of emptying the
exclusion volume in order to optimize the cavity into
which the protein is inserted. Initially a number of hy-
drocarbon chains are found within the protein surfaces,
together with several hundred water molecules. At the
end of the first stage of the insertion protocol, after
20 ps, the outwards forces applied have emptied most of
the exclusion volume. However, a significant number of
atoms remain within the protein surface. Finally, at
t=25 ps, only a few tens of atoms can be found at the
surface. It should be noted that, as mentioned above, the
surfaces used are solvent-accessible surfaces of the pro-
teins. Hence, once excluded from the volume to be
occupied by the protein, the conformation of the lipid
molecules at the interface is complementary to the shape
of the protein surface.



Table 2 Results of simulation
set-up

Fig. 3 Lipid (pale grey spheres)
and water (dark grey spheres)
molecules within the protein
solvent-accessible surface (white
network) of KcsA (A, B, C) and
FhuA (D, E, F), at three stages
during the cavity optimization
(at A, D, t=0ps; B, E,

t=20 ps; and C, F, 1=25 ps).
The directions of the outwards
forces applied are shown as
small dark circles on the atoms
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Upper (extracellular) leaflet Lower leaflet

Volume (A%)? Lipids removed Volume (A%? Lipids removed
FhuA 27,143 32 27,478 32
KcsA 24,928 31 13,042 12

“Estimated volume ¥ occupied by the solvent-accessible surface of FhuA and KcsA across the
transmembrane region. Initially, lipid molecules whose headgroups are inside a cylinder of radius
equal to Rgq (where V' = nR]zEQh, h being the height of the volume considered, i.e. half the bilayer
width) are removed, in order to preserve the density of the bilayer during the optimization of the
cavity
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The cavity optimization can be monitored in a more
quantitative manner by determining the number of atoms
within the molecular surface, and also the maximum
depth at which they are found, as a function of simulation
time (Fig. 4). In the case of FhuA, initially approximately
4400 atoms were inside the exclusion region, the deepest
of these atoms being ca. 10 A away from the protein
surfdce Upon the application of a force F;=1 kJ mol”
"' A", the number of atoms within the surface decreases,
until a steady state was reached in about 10 ps, after
which the number of atoms inside the exclusion region
remained fairly constant at approximately 800. At this
point, the maximum depth at which a lipid or water atom
could be found was ca. 5 A Imposing a 10-fold greater
force (F>=10 kJ mol ™ A " for 5 ps cleared the region of
lipid and water molecules almost completely. The steady
state attained was then characterized by roughly 100 at-
oms remaining in the exclusion region to a depth of 2-3 A.
This depth might be regarded as a valid endpoint, given
that solvent-accessible surfaces are used, and therefore
protein and lipid atoms will not overlap significantly
when inserting the protein into the cavity. A similar pat-
tern was found in the case of KcsA. Thus we may conclude
that for these forces a 20 + 5 ps simulation is sufficient to
create a suitable cavity in a bilayer for a protein.

Assessing the bilayer

In order to determine the extent to which the application
of the exclusion forces to lipid atoms affects the bilayer

A

3 v

Fig. 4 Number of atoms within
the solvent-accessible surface of

beyond the cavity-lipid interface, in Fig. 5 we plot the
number of lipid atoms (of various chemical types) as a
function of distance from the surface in each system.
Note that even in a fully equilibrated system, with a
finite simulation box, one would expect this graph to rise
to a clear maximum and then decline as the edges of the
box are approached. Careful comparison reveals that,
as lipid atoms become expelled from inside the surface
of zthe protein, a single corresponding peak of number
of atoms does not appear elsewhere; rather, there is a
small and distributed increase in the number of atoms at
all distances away from the surface, with the most pro-
nounced effect being at 15 A or more. The proﬁles of the
number density of lipid atoms along the z-axis also
remain unchanged (data not shown), as a consequence
of the use of positional restraints on the lipid head-
groups in the z-direction. This confirms that these
restraints prevent any artefactual thickening of the
bilayers. Altogether, these analyses suggest that the
cavity optimization method achieves a rearrangement of
the lipid molecules at the interface, without grossly
altering the configuration of the rest of the bilayer.
Further confirmation of this can be obtained by
analysing the change in number density of the lipid
atoms. The density is evaluated, using 3D grids com-
posed of 4x4x35 A cells, at the start and end of a period
of time, and the change in density is then plotted in a 2D
projection of the cells. If we apply this to two snapshots
of the equilibrated DMPC bilayer (without a cavity;
Fig. 6A), then there are no significant changes in
density. In contrast, for FhuA (Fig. 6B, C; similar

the proteins as a function of time
for A KcsA and B FhuA. Max-
imum depth beneath the surface
at which an atom is found versus
time for C KcsA and D FhuA.
In all four graphs the vertical
arrow indicates the time at which
the force applied was 1ncreased
from Fi=1KkJ mol Alto
F>=10 kJ mol ' A"
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Fig. 5 Number of lipid atoms versus distance from the protein
solvent-accessible surface for three snapshots [t=0 (grey, dotted
lines), t="20 ps (black, broken lines) and t =25 ps (black, solid lines))
during the cavity-optimization process for A KcsA and B FhuA.
Distances were calculated using the coordinates of lipid atoms and
of their respective closest surface vertices (i.e. |s—r|, as defined in
Fig. 1)

results are seen for KcsA — data not shown) this analysis
clearly reveals a 5-A thick annulus of negative relative
number density (i.e. loss of atoms) around the surface of
the cavity, as can be anticipated. Equally clearly, there is
no significant systematic increase in relative number
density around the negative annulus; instead, there are
small scattered increases in density, although these are
not all pronounced and are almost absent for the =20
versus 25 ps comparison (Fig. 6C).

Simulation behaviour

The configuration of the FhuA system generated as a
result of this procedure is shown in Fig. 7. It appears
that the DMPC molecules are efficiently packed around
the protein surfaces. A similar conclusion is drawn from
inspecting images of the KcsA/DMPC system (not
shown).

To evaluate the “quality” of these systems we have
performed two sets of 1-ns simulations for each protein.
In these simulations we have explored the use of cut-offs
versus PME to treat long-range electrostatic interac-
tions. There has been some discussion (Tieleman 1998;
Tobias 2001; Tobias et al. 1997) of the relative merits of
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relative density change

Fig. 6 Two-dimensional maps of the relative changes in lipid atom
density for A an equilibrated DMPC bilayer over a 20 ps period; B
the FhuA system showing the density change from =0 to 20 ps;
and C the same system for =20 to 25 ps. The number density for
each snapshot v is calculated using two 3D grids of 4x4x35 A3 cells,
shifted in the x and y direction with respect to each other by 2 A
(hence the cells overlap by 50%) in order to improve the sampling;
a large bin size in the z direction is used so as to average out
inhomogeneities in this direction. The relative density change f is

calculated as  f = {(vFINAL — VINITIAL) /Max(VFINAL, VINITIAL ) }-
Thus, f'is dimensionless and is positive (red) if the relative density
increases over the period of time, and negative (blue) if it decreases

these approaches for membrane simulations, and we
wished to examine their influence on the optimization of
simulations of membrane-protein systems.

In order to evaluate the “stability” of a simulation,
we analysed the extent to which the structure of a
protein drifts away from that in the crystal structure, in
terms of the Ca root mean square deviation (RMSD)
relative to the initial structure (Fig. 8). Typically, for a
stable simulation one would expect an initial rise in Ca
RMSD over the first 100 ps or so (due to the relaxation
of the protein in the non-crystallographic environ-
ment), followed by a constant RMSD with respect to
time (indicative of no further net drift in structure) for
the remainder of the simulation; this is roughly the case
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Fig. 7 The FhuA surface-lipid bilayer system at the end of the
cavity-optimization process, viewed perpendicular to (A) and along
(B) the bilayer normal. Lipid molecules are shown as van der Waals
surfaces, protein as a GRASP mesh surface

for both the KcsA and the FhuA simulations in this
study. For both simulations the Co RMSD is slightly
increased if the long-range interactions are treated with
a cut-off than if PME is used; this difference is less if
only the core secondary structure elements are consid-
ered, suggesting that the structural drift occurs in the
non-membranous loops of the two proteins. The Cu
RMSD for KcsA in these simulations is the same as
that seen in earlier simulations (Shrivastava and San-
som 2000) of KcsA/POPC using cut-offs, and in
simulations of Kir6.2, a K-channel model derived from
the KcsA structure (Capener et al. 2000). It is tempting
to conclude that the structural drift is lower for FhuA
than for KcsA, which could reflect either the different
folds and/or the different resolutions of the two
structures.

Discussion
Insertion methodology

The simulations presented in this paper suggest that a
cavity-creation-based methodology for insertion of
complex membrane proteins into lipid bilayers is feasi-
ble, and thus is an alternative to methods based on the
assembly of a bilayer around a membrane protein
(Petrache et al. 2000a; Roux and Woolf 1996; Tang et al.
1999; Woolf and Roux 1994, 1996). It might be inter-
esting to compare simulations based on these two
methods. The results presented in this study suggest that
the current method generates a relatively unperturbed
bilayer; provided this criterion is satisfied, one might not
anticipate profound differences between systems gener-
ated by different methods. A cavity insertion method
might have some advantages for complex membrane
systems where generation of the initial bilayer has al-
ready proved to be quite complex and/or costly com-
putationally (Lins and Straatsma 2001). Such methods
may also be helpful for the semi-automated set-up of
simulations of a wide range of membrane proteins that
will be necessary as the rate of experimental structure
determination increases. However, some methodological
refinements may be necessary to take into account some
of the subtleties of lipid-protein interactions that are
now beginning to be revealed by X-ray crystallography
(Fyfe et al. 2001), such as the localization of acyl chains
in grooves in the protein surface, owing to hydrophobic
interactions with apolar residues and backbone atoms.

Simulation optimization

Insertion into a bilayer is only one component of opti-
mizing a simulation of a membrane protein; the results
presented here indicate that the treatment of long-range
electrostatics can have an effect on overall protein dy-
namics during such simulations. At first glance one
might conclude that the results demonstrate that, for the
proteins studied here, PME is more appropriate, since
the inclusion of all the electrostatic interactions yielded
lower drift from the X-ray conformation, particularly
for the loop regions. However, studies on simple pep-
tides have suggested artefactual stabilization of folded
(a-helical) conformations (i.e. low RMSD) by the use of
particle-mesh methods in small systems (Weber et al.
2000), so care has to be taken in considering suitably
large system sizes in order to prevent similar artefacts.
Furthermore, although the overall Coo RMSD values for
KcsA and FhuA were lower in simulations using PME
than in those using cut-offs, this pattern is not always
repeated. For example, in the case of simulations of a
Kir6.2 channel model we have seen somewhat smaller
effects than observed here (Capener and Sansom 2002).
Comparing two related proteins, GlpF (Fu et al. 2000)
and Aqpl (Murata et al. 2000; Ren et al. 2001), in the
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Fig. 8A-D Root mean square
deviation (RMSD) relative to
the X-ray structures as a func- 2
tion of time for A, C KcsA and I
B, D FhuA. In each graph,
RMSD curves are shown for the
cut-off (CO) and PME simula-
tions. In A, B, RMSD values for
all Co atoms of the protein are
shown; in C, D, RMSD values
were calculated for just the core
secondary structure Co atoms,
i.e. the Ca atoms of the M 1-
helix, P-helix, selectivity filter
and M2-helix regions of KcsA or 0
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former case there is a significant difference between
PME and cut-off simulations, whereas for the latter
there is little, if any, difference (Patargias, Law, Sansom,
unpublished observations). At the moment, a conser-
vative conclusion would be to say that in some cases the
use of PME rather than cut-off results in a lower Co
RMSD, but that each new system may merit further
investigation.

Future challenges

In this paper we have analysed a cavity optimization
method for generating an initial configuration for
simulation of integral membrane proteins, i.e. those
membrane proteins that span a lipid bilayer. A some-
what more complicated task is presented by those
peptides or proteins that are associated with the surface
of a lipid bilayer. Simulations to date (Bernéche et al.
1998; Nina et al. 2000; Sankararamakrishnan and
Weinstein 2000; Tieleman et al. 1999b) have to some
extent relied on manually guided methods to generate
initial configurations. More automated approaches to
peptide-bilayer interactions (Tieleman et al. 2001) re-
quire extended simulation times and, for lipid bilayers
rather than membrane mimetics such as an octane slab,
there remain worries over convergence. It will be im-
portant to explore the applicability of cavity-based
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approaches to such systems, guided by relevant exper-
imental data.
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